We present new data for the polarization observables of the final state proton in the 1 H( γ, p)π 0 reaction. These data can be used to test predictions based on hadron helicity conservation (HHC) and perturbative QCD (pQCD). These data have both small statistical and systematic uncertainties, and were obtained with beam energies between 1.8 and 5.6 GeV and for π 0 scattering angles larger than 75
One of the major goals of nuclear physics is to understand the mechanism of exclusive reactions, like meson photoproduction. Nuclear reactions are described by meson-exchange models at low energy, and pQCD is expected to apply at very high energy. The reaction dynamics of the transition remain unclear in the intermediate energy regime. The constituent counting rule (CCR) [1] and HHC [2] can be considered as indications of the applicability of pQCD. A scaling behavior for a variety of differential cross sections has been observed for many exclusive reactions [3] [4] [5] [6] [7] [8] [9] as predicted by the CCR. But the onset of scaling sometimes starts at the surprisingly low energy of 1 GeV where pQCD should not work. The limited experimental data do not support the validity of HHC in the few GeV regime. Another unsolved problem is that although quark models explain well the baryon excitation states below 2 GeV, these theories also predict a large density of resonance states at higher energy which have not been observed yet [10] . Measurements of both cross section and polarization observables help the understanding of the dynamics of exclusive reactions.
Prominent structures in the cross section data indicate that π 0 photoproduction is dominated by the excitation of baryon resonances at low photon energies, E γ < 1.8 GeV. Above the known resonance region, the cross section becomes structureless and approximately follows CCR. Two observables, the induced recoil proton polarization P and the linearly polarized photon asymmetry Σ, which are well characterized below 1.5 GeV, provide further evidence of the dominance of resonance excitation in the E γ < 1.8 GeV region. A Jefferson Lab Hall A experiment [11] has obtained data for the three recoil proton polarization components and confirmed the importance of polarization observables as a powerful tool in the search for resonance states. The contribution of these polarization results in constraining multipole analyses was investigated in Ref. [12] , the conclusion was that more data were needed to constrain the multipoles above 1 GeV. The structureless cross section data do not rule out the possibility of overlapping high-mass resonance states with large width. High precision measurement of polarization observables may give hints to the existence of missing baryon resonance states.
As a consequence of pQCD, and with the assumption that orbital angular momentum can be neglected, HHC predicts that the polarization components of the proton above the baryon resonance region should have a smooth dependence on E γ and approach limits established by HHC in the absence of baryon resonances in the 1 H( γ, p)π 0 reaction. The results from [11] have demonstrated that HHC is not valid up to 3 GeV. Huang et al. [13] calculated the polarization observables in pion photoproduction by assuming the handbag mechanism. However, the theoretical calculation could not be compared to the data because the photon energy of [11] is not high enough for the handbag mechanism to be appli- cable. In the past several years it has become increasingly apparent that orbital angular momentum (OAM) cannot generally be neglected in high energy reactions [14, 15] . This has led to an extension of the CCR to include OAM effects, but to date there are no predictions for the effects of OAM on polarization observables. In the absence of resonances, any energy dependence is likely small, but strong angle variations might persist. The present work measured the three polarization observables in high precision up to 5.6 GeV.
Two experiments were carried out by the GEp-III and GEp-2γ collaborations in Hall C at Jefferson Lab. GEp-III measured the elastic proton form factor ratio to high four-momentum transfer, Q 2 , using the recoil polarization method in the ep elastic reaction [16] . GEp-2γ measured the kinematic dependence of the ratio at fixed Q 2 [17] . Due to its relatively larger cross section at high Q 2 and kinematical similarity in phase space to the ep elastic reaction, neutral pion production was the major contribution to the background of these experiments. The other reactions are suppressed by the ep elastic kinematic settings. These pions come from real photoproduction as well as electroproduction. The angular and energy selectivity of these experiments restricted the contribution of electroproduction to very low values of Q 2 , i.e., quasireal photons, resulting in final states indistinguishable from photoproduction induced by real Bremsstrahlung photons. Therefore, the polarization observables of the protons in these two reactions are similar as proven by a previous experiment [11] . In this paper, these two reaction channels are not distinguished and are collectively called neutral pion photoproduction.
A high luminosity longitudinally polarized electron beam (79-86% polarization) was scattered from a 20 cm liquid hydrogen target. In the six kinematic settings of the experiments, the incident electron energy was 1.87, 2.84, 3.63, 4.05 and 5.71 GeV (two settings with E e = 5.71 GeV). The beam helicity was flipped at 30 Hz. The beam polarization was monitored by the Hall C Møller polarimeter [18] with an accuracy of 1.0%. Near the endpoint, the circular polarization of the Bremsstrahlung photons is nearly equal to the longitudinal polarization of the incident electron, while the linear polarization component vanishes [19] .
The scattered protons were detected in the Hall C High Momentum Spectrometer (HMS) [20] . The proton trajectories were measured by drift chambers in the HMS focal plane. The polarization of the proton was measured by the Focal Plane Polarimeter (FPP) in the HMS detector hut downstream from the HMS drift chambers. The FPP, consisting of two 55 cm CH 2 analyzer blocks, each followed by a pair of drift chambers, measured the asymmetry of the charged particles in p+CH 2 → charged particle + X to extract the proton polarization.
An electromagnetic calorimeter (BigCal), with a front area of 1.2 × 2.2 m 2 , and consisting of 1744 4×4 cm 2 lead-glass blocks, was placed at the six positions matching the acceptance of the HMS for the elastic ep reaction. BigCal provides no discrimination between electrons and photons and gives the impact position with similar resolution for both. The BigCal energy resolution changed from 10%/ √ E to 23%/ √ E during the experiment due to radiation damage. By contrast, the coordinate resolution of about 8 mm is not measurably affected by radiation damage. The primary trigger of the experiment was a coincidence between signals from the BigCal and from the HMS within a ±50 ns timing window.
In π 0 photoproduction, the meson decays into two photons directly following its production. The minimum opening angle between these two decay photons corresponds to the two photons sharing the energy of the π 0 equally in the lab frame. As the opening angle increases, one photon will take more energy from the π 0 and its track will be closer to the incident π 0 track direction. Either of the π 0 decay photons with energy greater than the BigCal hardware energy threshold (set typically at about half the ep elastic scattered electron energy) hitting the BigCal will produce a BigCal trigger. If the event was in coincidence with a proton in the HMS, it was recorded. In two kinematic settings where the electron beam energy was 5.71 GeV, the BigCal coincidence acceptance with the HMS was large enough to detect both photons. These data with lower statistics were also analyzed and the results were found to be consistent with the "one photon detected" results. In this paper, only the "one photon detected" results will be shown.
To identify π 0 events when one photon was detected in the BigCal, the π 0 decay photon energy predicted from the proton angle, momentum and the π 0 decay photon angle was compared with the energy measured in the BigCal. A good linear correlation was seen between the measured and predicted energies. We applied a 3σ cut on the ratio of the measured and predicted photon energy to identify the π 0 events. The major background events in the π 0 photoproduction channel come from the ep elastic radiative tail and from random coincidence events. To reduce random background, a 3σ cut around the BigCal and HMS coincidence time peak was applied. The ep elastic radiation tail contamination was estimated by comparing the data to Monte Carlo simulation. Background events came from heavier meson photoproduction and multiple π 0 photoproduction were also estimated by the simulation. Only the data near the Bremsstrahlung endpoint with less than 1.0% contamination from these two types of reactions were kept in the analysis. Figure 1 shows the distribution of the predicted π 0 decay photon energy E calo . The left vertical dashed line indicates the hardware energy threshold of BigCal, and the right vertical dashed line indicates the E calo upper limit selected to optimize the signal to background ratio and statistics. Events between the two vertical dashed lines were selected and used in the analysis. At an incident photon energy of 3.951 GeV, the elastic background contamination ratio in the selected range of E calo is 1.2%, and the random background contamination is 1.5% after all cuts were applied. The polarization components of both kinds of background were studied separately and corrections were applied to the final results.
Elastic events were used to calibrate the FPP analyzing power and determine the instrumental asymmetry at each kinematic setting. With the knowledge of the beam polarization and of the spin precession in the HMS [21] , polarization transfer in the ep elastic reaction allows the determination of both the CH 2 analyzing power and the ratio of the proton electromagnetic form factors. To take into account the proton momentum difference between elastic events and π 0 events, the analyzing power of π 0 events was obtained by correcting the ep elastic results according to the analyzing power momentum dependence [22] . As the induced polarization in ep elastic scattering is zero in the one photon exchange mechanism, the instrumental asymmetry could be extracted by Fourier analysis of the helicity sum spectrum of ep elastic events. The same cut on hit position of the protons in the focal plane of ep elastic events was applied to the π 0 events to make sure the calibrated analyzing power and the instrumental asymmetry are valid. This cut also further suppressed the heavier meson (e.g., η) production contribution to the data by requiring higher proton momentum in the HMS. After all these calibrations were done, the induced and transferred polarization components of the proton in π 0 photoproduction at the target were extracted by the maximum likelihood method described in Ref. [16] . The high statistics of π 0 events allows us to divide the data into several incident photon energy bins. The bin size was selected to be greater than the reconstructed incident photon energy resolution and to keep enough events to calculate the polarization components in each bin. Systematic uncertainties were estimated by analyzing the sensitivity of the polarization components to background corrections, the beam polarization, the instrumental asymmetry, the analyzing power calibration and the tracking reconstruction systematics for each bin. For the polarization transfer components, the uncertainties from the ep elastic background estimation are dominant because the polarization are very different in ep elastic events. The systematic uncertainties of the induced polarization component are dominated by the instrumental asymmetry correction. Overall, the systematic uncertainties are less than ±0.026 for the polarization transfer components and do not exceed ±0.034 for the induced polarization component.
The results are listed in Table I . No induced polarization data for the last kinematics in the table are available because the spin precession inside the HMS at this setting leads to very large systematic uncertainties. The lab coordinate system is defined byẑ =k proton /|k proton |,ŷ =k proton ×k γ /|k proton ×k γ | andx =ŷ×ẑ, wherek proton (k γ ) is the recoil proton (incident photon) momentum. C lab z , P and C lab x are the longitudinal, the induced (alonĝ y) and the transverse polarization components in the lab system, respectively.
Several theoretical models predict the polarization observables in the 1 H( γ, p)π 0 reaction; they are partialwave analyses SAID [23] and MAID [24] (E γ ≤ 1.65 GeV), a quark model sub-process calculation by Afanasev et al. [25] , and a pQCD prediction from Farrar et al. [26] . In SAID, both an energy-dependent and a set of energy-independent partial-wave analyses of single-pion photoproduction data were performed. The latest SP09 [27] solution extends from threshold to 2.7 GeV of incident photon energy in the laboratory.
Assuming helicity conservation, the induced polarization P and the transverse polarization transfer C , but HHC alone does not determine the value of this constant.
Farrar et al. predicted the helicity amplitudes for pion photoproduction by explicitly calculating all lowest-order Feynman diagrams [26] . Several nucleon and pion wave functions were used in the calculation. The predicted cross sections are highly sensitive to the choices of wave functions and they do not agree with the data in general. The calculated curves shown in Fig. 2 used asymptotic distribution amplitudes for both the proton and the pion.
Afanasev et al. [25] used a pQCD approach to calculate the longitudinal polarization C c.m. z of meson photoproduction in the limit x Bjorken → 1. This model assumes helicity conservation and that the pQCD approach is justified for high meson transverse momentum. Figure 2 presents the comparison of the new Hall C results with data from previous experiment and the available models. Not all the data of [11] are shown in the figure. The theoretical predictions are calculated for the given π 0 c.m. angles shown in the panels and have been converted from the c.m. frame to the lab frame. In the lower incident photon energy regime (E γ < 2.7 GeV), these new data agree with the world data except for the induced polarization in Fig. 2 j. A strong θ c.m. π dependence for P at E γ = 2.5 GeV was found in the previous measurement [11] . The polarization dependence on θ c.m. π at E γ = 2.7 GeV is studied, the results show a compatible oscillation comparing to [11] for P and C between the new data and the previous measurement. While the SAID model gives good overall predictions for energies lower than 3 GeV, it disagrees with the data in Fig. 2 panels a) , j) and h); this can be understood since above 1 GeV the multipoles are still under-constrained in the model. For the larger incident photon energies (E γ > 3.0 GeV), the new data are the first measurements at the given θ
